Despite the benefits of no-till practices, soil compaction is a problem that can cause, among other things, mechanical impediment to root growth and less response to soil fertilization. The objective of this study was to evaluate the effect of subsoiling and doses of phosphate fertilization on soybean that have been cultivated over ten years under no-till systems in the Brazilian Cerrado. The experiment consisted of a randomized complete block design in a 2 × 4 factorial arrangement. Two managements in consolidated no-tillage area were considered: with and without subsoiling, along with four levels of phosphate fertilization: 0, 100, 300 and 400 kg ha -1 of P 2 O 5 . The practice of subsoiling in an area with ten years of no-till system provided an increase of 124.38 kg ha -1 in soybean productivity. Soybean plants grown under no-tillage system, with subsoil management, showed better development and pod production. The maximum phosphorus efficiency, with subsoiling, was achieved with the dose of 172 kg ha -1 of P 2 O 5 , yielding 5,693.4 kg ha -1
Introduction
The Brazilian production of grains, which for many decades was carried out in a conventional tillage system (soil tillage), has been replaced by no-till system (Nunes et al., 2011; Reichert et al., 2016) . No-tillage is a system of farming that consists of planting a narrow slit trench without tillage, leaving the crop residue on the field surface after harvest (Drescher et al., 2011) .
Increased soil organic matter (Baker & Saxton, 2006) by straw deposition, improved aggregate stability (Souza et al., 2010b ) and soil quality erosion reduction (Bogunovic et al., 2018) are considered benefits of no-tillage systems. However, soil compaction is a problem in no-till areas due to intense traffic of machines for many years and the absence of soil rotation (Silva et al., 2008 (Silva et al., , 2012 Girardello et al., 2017) , which can cause problems, such as mechanical impediment to plant root growth (Rosa et al., 2012) and increased surface runoff (Pohlitz et al., 2018) .
In addition to the physical properties of the soil, such as increased density caused by compaction, Ribeiro et al. (2010) mention lower response of plants to fertilization, especially phosphate fertilization, since phosphorus becomes more adsorbed in the soil, causing diffusive flux reduction and require higher doses of phosphate fertilizers.
When compaction is identified in no-tillage area, it is necessary to proceed with a management system that aims at breaking the compacted layer, with minimal soil disturbance, leaving the crop residue on the field (Seki et al., 2015) . Subsoiling is an alternative for soil decompaction, without compromising the straw residues. The mechanical mobilization caused by this implement provides good physical conditions for root development, with higher aeration and hydraulic conductivity, resulting in increased agricultural productivity (Pesini et al., 2014) . Therefore, work is needed to evaluate the effect of subsoiling in no-tillage area along with soil response under phosphorus application. This study aimed at assessing the effect of subsoiling and different doses of phosphate fertilization on soybean cultivated under no-tillage system for ten years, in the Brazilian Cerrado.
Material and Methods

Experimental Conditions
The study was carried out during the end of 2014 and early 2015 (2014/2015 season) (Alvares et al., 2013) , with an average annual rainfall of 1,400 mm. The soil of the experimental area presents Free Sand texture (Table 1) , classified as Orthic Quartzarenic Neosol (Embrapa, 2013 
Experimental Design and Data Collection
The experiment consisted of a randomized complete block design in a 2 × 4 factorial arrangement, with five replicates. The first factor was related to tenure management systems consolidated for ten years (with and without subsoiling) and the second to levels of phosphate fertilization (0, 100, 300 and 400 kg ha -1 of P 2 O 5 ), using the Basiduo ® fertilizer. Each experimental unit corresponded to 100 m 2 , totaling an area of 4,000 m 2 .
Prior to experiments, the soil resistance to penetration test was performed ( No-till system has been applied to the area for nearly ten consecutive years, with soybean rotation, and corn intercropped with Brachiaria, followed by subsequent cotton crop. The plots of the experiment that received subsoiling were managed with a rod-type implemented at 38 cm depth. Phosphorus doses were applied (in the sowing line) at the time of planting, according to each treatment.
The cultivar used in the experiment was Monsoy 8372 Ipro, at a spacing of 45 cm between rows, using approximately 16 plants m ; weight of one thousand grains (WOG) and productivity (P). Plant and first pod insertion height were determined by direct measurement, using a ruler graduated in millimeters. The number of pods per plant and the number of grains per pod were determined by manually counting these indicators in the studied plants. The weight of one thousand grains was determined on a precision scale. The productivity was determined based on the grain yield of the plants harvested in each experiment, adjusted to 13% of humidity, which was corrected from the spacing and quantity of plants per meter, transformed to kg ha -1 .
Statistical Analysis
All data were tested for normality (Shapiro-Wilk) and homoscedasticity. The F test was applied for the qualitative data (management), and when significant, the Tukey test (p < 0.01) was applied. Regression analysis was performed for the quantitative data (doses of phosphorus).
Results and Discussion
Soybean Production According to the Management
The results of the analysis of variance showed significance for plant height, number of pods per plant, number of grains per pod and plant productivity. There was no significance for any of the analyzed variables regarding the interaction between management systems and phosphorus doses.
Overall, plants were higher (92 cm) when subsoiling was applied in the no-tillage area ( Figure 3A ), representing an increase of 15% in comparison to plants of the no-tillage area, without subsoiling (80 cm). Note. Averages followed by the same letter do not significantly differ by the Tukey test (p < 0.01).
The height gain of plants in area with subsoiling may be related to better root development in decompressed soils, allowing a better exploration and greater contact of the roots with the soil, which increases water and nutrients absorption by the plant. Compacted soil from no-till consolidation can influence 55% on height reduction of soybean plants .
When studying the soybean response to increased soil compaction caused by no-tillage consolidation and phosphate fertilization rates, Ribeiro et al. (2010) observed that there was a reduction in plant growth due to higher soil density. These authors attributed the lower soybean growth to the reduction of the diffusive flux of P in soils.
For the first pod insertion height (FPIH), there was no influence of the management systems ( Figure 3B ). The plants presented FPIH of 14 and 15 cm for no-tillage systems with and without subsoiling, respectively. None of the evaluated systems presented FPIH less than 12 cm, which could be harmful to soybean yield and purity of harvested grains (Carvalho et al., 2010) .
For the number of pods per plant (NPP), plants from area with subsoil application presented higher number of pods when compared to the area without subsoiling ( Figure 4A ). Note. Averages followed by the same letter do not significantly differ by the Tukey test (p < 0.01).
The subsoiling practice provided 14% more pods in relation to no-tillage without subsoiling, which can be due to better response to fertilization with soil rotation (Ribeiro et al., 2010) and/or efficiency in the absorption of nutrients from better root development, caused by the breaking of the compacted layer in the soil. Vol. 10, No. 5; When studying different cropping systems, Souza et al. (2010b) , found a significant effect of management on NPP. These authors observed that conventional tillage was superior to no-tillage conservation practices, and the no-till area showed higher soil density, which can have probably influenced this characteristic in soybean plants.
In a study evaluating soil compaction levels in soybean, Centurion et al. (2006) observed a negative linear effect for soybean pod production as a function of increased soil density. The study demonstrated that soil compaction has a direct effect on the amount of pods per plant in soybean.
Regarding the number of beans per pod (NBP), the area with no-tillage and without subsoiling showed higher results when compared to the practice of subsoiling in the no-tillage area ( Figure 4B ).
The practice of subsoiling resulted in 2.2 beans per pod, which is 10% lower than the no-till area (2.4 beans per pod). The number of beans per pod has a direct influence on soybean yield.
The NBP is a genotypic character and has little influence on the environment (Karasu et al., 2009; Souza et al., 2010a) . However, under restrictive conditions to the development of the culture, there may be influence of the environment on the NBP (Leite et al., 2017) .
The weight of one thousand grains (WOG) had no influence on the evaluated systems, presenting similar values ( Figure 5A ). The subsoiling area presented 156 g for WOG, while the area without subsoiling management presented 153 g of WOG. Note. Averages followed by the same letter do not significantly differ by the Tukey test (p < 0.01).
Corroborating the results found in the present study, Souza et al. (2010) found no influence of compaction on the weight of soybean grains. Certainly, the lower pod production occurred in the area without subsoiling allowed WOG values similar to the compacted area, since the lower number of grains in the plants required less nutrients for the grains.
The yield of soybean plants under no-tillage cultivation with subsoiling management presented an average of 5,072 kg ha -1 , while for the no-till area, the average yield was 4,948 kg ha
. This difference between the productivity of the cropping systems is equivalent to 2 bags ha -1 (1 bag represents 60 kg). The productivity (P) with subsoiling management was superior to non-subsoiling due to the superior results in WOG and P, since other productivity factors were equal and lower than NPB.
In studies on soybean yield and changes in soil physical attributes as a function of cropping systems, Girardello et al. (2011) and Nicoloso et al. (2008) concluded that the use of the scarifier in a system of no-tillage was 7% higher than the no-tillage system.
A good nutrition and adequate water supply to plants make it possible to express its maximum productive potential. A compacted soil directly influences the absorption of nutrients and water by plants due to lower root development (Centurion et al., 2006) . Possibly, the practice of subsoiling in the area solved the problem of compaction and allowed soybean plants to express their maximum productive potential and, consequently, higher productivity. 
Production of Soybean as a Function of Phosphate Fertilizer
In relation to the phosphate fertilizer doses in the cultivation systems, all variables presented adjustment to the regression models.
The height of plants presented an adjustment to the quadratic model as a function of the doses of phosphate fertilizer for the two systems evaluated ( Figure 6A ). The maximum height of plants in the subsoiling area was obtained with the application of 200 kg ha -1 of P 2 O 5 , reaching 98 cm, which represents an increase of 8% in relation to plants that did not receive phosphate fertilization. The area under no-tillage practices resulted in maximum response for the dose of 191 kg ha -1 of P 2 O 5 , reaching 87 cm in height. Comparing the two evaluated systems, the control dose of the subsurface area (0 kg ha -1 of P 2 O 5 ) was higher than the maximum efficiency dose (191 kg ha -1 P 2 O 5 ) of the area without subsoiling. These values demonstrate higher efficiency of phosphate fertilization in subsoiling tillage area even with adequate P levels in the soil.
The FPIH presented an adjustment to the linear model, decreasing as a function of phosphorus doses applied in the no-till with subsoiling area, since the area without subsoiling presented an adjustment to the quadratic model ( Figure 6B ). The maximum response of phosphate fertilization was obtained in the no-tillage system without subsoiling, in which plants reached FPIH of 16 cm with 196 kg ha -1 of P 2 O 5 , 16% higher for the treatment without phosphate fertilization. For the no-till area, there was a reduction of 0.87 cm of FPIH for each 100 kg of applied P 2 O 5 .
The NPP presented adjustment to the quadratic model as a function of phosphorus doses for both systems ( Figure  7A ). Tillage without subsoiling showed a 3% increase in relation to the control (0 kg ha -1 of P 2 O 5 ), producing 61 pods per plant at the maximum efficiency dose of 158 kg ha -1 of P 2 O 5 . However, the subsoiling practice was 16% higher in pod production per plant when compared to the control (0 kg ha -1 of P 2 O 5 ), with maximum efficiency dose of 187 kg ha -1 of P 2 O 5 and producing 75 pods per plant. The NBP presented adjustment to the quadratic model as a function of phosphorus doses in no-tillage with and without subsoiling ( Figure 7B ). The area under no-till system showed higher results, with a maximum efficiency dose of 201 kg ha -1 of P 2 O 5 , resulting in 2.6 grains per pod, which represents an increase of 8% in relation to the control (0 kg ha -1 of P 2 O 5 ). The plants under no-tillage with subsoiling had a 4.8% increase in relation to the control (0 kg ha -1 of P 2 O 5 ); however, a maximum response was obtained at the dose of 169 kg ha -1 of P 2 O 5 , producing 2.5 beans per pod.
The WOG presented a quadratic model as a function of doses of phosphate fertilizer for no-tillage with subsoiling. For the no-till area, the model was linear ( Figure 8A ). The highest WOG were observed in the treatments with subsoiling, in which the maximum efficiency dose was 262 kg ha -1 of P 2 O 5 , with an average production of 161 g, which significantly contributes to the productivity of the experiment. Even with optimum levels of phosphorus in the soil in the experimental area (Table 1) , the productive gain with the maximum phosphorus dose, efficiency reached an addition of 17 and 12 bags ha -1
, with and without subsoiling, respectively, when compared to the absence of phosphate fertilization.
Phosphorus presents low mobility in the soil, thus, with no-tillage, the tendency is that phosphorus remains in the superficial layers, affecting its bioavailability in deeper layers (Nunes et al., 2011) , which justifies the response of plants as a function of phosphate fertilization in no-tillage areas with adequate P levels in the soil.
Subsoil management in no-tillage systems has the potential to reduce compaction, improving soil structure, with a residual effect of up to two and a half years after the intervention (Drescher et al., 2011) . Several studies (Drescher et al., 2011; Nunes et al., 2011) show that soil rotation in no-tillage area compacted by incorrect handling and heavy machine traffic has shown beneficial effects to the structural and chemical aspects of the soil, with better use of fertilizers.
Conclusions
The practice of subsoiling in an area with ten years of no-tillage system provided an increase of 125 kg ha -1 in soybean productivity.
Soybean plants grown under no-tillage system with subsoil management, showed better development and pod production.
The dose of maximum phosphorus efficiency in no-tillage area with subsoiling was 172 kg ha -1 of P 2 O 5 , with a productivity of 5,693 kg ha -1 . In the no-tillage area without subsoiling, the maximum efficiency dose was 159 kg ha -1 of P 2 O 5 with a yield of 5,434 kg ha -1
.
